Viscosities of sodium chloride solutions in water-1,4-dioxane binary mixtures with mole fractions of 1,4-dioxane, x D = 0.05, 0.10, 0.15 and 0.20, in the temperature range from 278.15 to 318.15 K were determined. The relative viscosity data have been analyzed and interpreted in terms of the rearranged Jones-Dole equation, (η r -1) -Ac 1/2 = Bc. The viscosity A-coefficients were calculated from Falkenhagen and Vernon theory by help of the literature limiting ionic conductivity data and B-coefficients were estimated from linear plots. All B-coefficients obtained for NaCl water-1,4-dioxane binary mixtures are positive at all temperatures. These data were compared with the data for NaCl in aqueous medium at different temperatures reported in literature. The ion-ion, ion-solvent and solvent -solvent interactions have been discussed.
Introduction
Viscometric studies of electrolyte solutions have been often used in order to obtain information regarding solute-solvent interactions. Whereas viscosity of electrolyte solutions has been widely studied in water and organic solvents, 1,2 less consideration has been devoted to solutions in solvent mixtures. A survey of the literature on the viscosity data of electrolytes solutions in aqueous mixtures with organic solvents shows that they were determined mostly for 1,1 type of electrolytes and usually at one or only several temperatures in aqueous mixtures of formamide, 3, 4 N,N-dimethylformamide, 5 dimethylsulfoxide, 6 acetone, 7 dimethylacetamide, 8 2-ethoxyethanol, 9 methanol, 10, 11 ethylene glycol 12, 13 and tert-butanol. 14 Among aqueous mixtures water-1,4-dioxane mixtures permit the widest variation of the solvent permittivity ranging from 2.21 to 78.36 in pure 1,4-dioxane and in water at 298.15 K, respectively. 15 Thus, these mixtures have been used as a favourite solvent system to study ion-ion, solvent-ion and solvent-solvent interaction. [16] [17] [18] [19] Surpri-singly, there is a lack of the viscometric studies of electrolyte solutions in these mixtures. To our best knowledge there are only two investigation dealing with viscosity of electrolytes in water-1,4-dioxane mixtures. In 1973 Fuoss and Reynolds reported viscosity data for alkali metal halides and tetraalkylammonium salts in water-1,4-dioxane mixtures containing 0-63 mass % of 1,4-dioxane at 298.15 K. 20 Das and Das investigated viscosities of NaCI, NaBr, NaNO 3 , KCI, KBr and KNO 3 solutions in water-1,4-dioxane mixtures with 10, 20 and 30 mass % of 1.4-dioxane, and at four ranging from 303.15 to 328.15 K. 21 Unfortunately in this paper no experimental data are given.
In the present work precise viscometric data for Na-Cl in water-1,4-dioxane binary mixtures (with mole fraction of 1,4-dioxane, x D = 0.05, 0.10, 0.15, and 0.20) in the concentration range 0.05 ≤ c/ moldm -3 ≤ 0.30 at nine temperatures (from 278.15 to 318.15 K in step of 5 K) are reported. The relative viscosity data, η r , have been analysed and interpreted in terms of the rearranged Jones-Dole equation, (η r -1) -Ac 1/2 = Bc. From the reported limiting ionic conductivity data, 16 have been calculated from Falkenhagen and Vernon theory. 2, 22 Viscosity B-coefficient were determined, compared with those reported for NaCl in water 2 and in water-1,4dioxane mixtures at 298.15 K 20 and discussed in terms of ion-solvent interactions.
Experimental

1. Materials
1,4-dioxane (Merck, p.a.) was used without further purification. Demineralized water was bi-distilled in a quartz apparatus (DESTAMAT Bi18E, Heraeus). The final product with a specific conductivity of less than 0.5 μS cm -1 was applied. Sodium chloride (NaCl, Merck, p.a., ≥99.5%) was dried before use at 130 °C for 24 h. The mixed solvents were prepared by weighing and stock solutions were prepared by adding of weighed amount of solvent to weighed amount of NaCl. Solutions of definite molality were prepared by weighing the pure mixed solvent and the stock solution of NaCl in a particular mixed solvent. The molarity, c can be determined from the molality and density data by means of the relation: (1) where m is the molality of solution (moles of electrolyte per kilogram of solvent), ρ is the density of solution, and M is the molar mass of sodium chloride. Taking into account the sources of errors (impurities, weighing, …), concentrations c are accurate ± 0.0001 mol dm -3 .
Viscosity and Density Measurements
The viscosites of solutions were determined with a micro Ubbelohde viscometer (SI Analytics GmbH, Mainz, Germany, type and capillary no. 53610/I) and an automatic flow time measuring system ViscoSystem ® AVS 370. The viscometer was immersed in a transparent thermostat bath with the precision of the set temperature better than 0.01 K. Each measurement was automatically repeated at least five times and yielded a reproducibility of the flow time of better than 0.02 %. The kinematic viscosity of solutions, ν (m 2 s -1 ), was calculated from the equation 23 ν = C · t -E/t 2 , where t (s) is the flow time, C and E are constants characteristic for the viscometer and were determined by calibration of the viscometer with water. The values of C = 1.00772 × 10 -8 m 2 s -2 and E = -4.9602 × 10 -5 m 2 s were determined by using the kinematic viscosity of water (ν (293.15 K) = 1.0038 × 10 -6 m 2 s -1 and ν (298.15 K) = 0.8929 × 10 -6 m 2 s -1 )) 24 and the flow times at 293.15 K and 298.15 K. The absolute (dynamic) viscosity, η (Pa s = kg m -1 s -1 ), was obtained from the relation, η = ν ρ, where ρ (kg m -3 ) is the density of investigated solution, which was determined at each tempe-rature (± 0.005 K) by the method of Kratky et al. 25 using Anton Paar density meter DMA 5000 (Anton Paar, Graz, Austria) with a declared reproducibility ∼5 × 10 -3 kg m -3 . The errors from calibration and temperature control yield an uncertainty of 0.05% of absolute viscosity.
Results and Discussion
The measured viscosity, η, and density, ρ, data for the solutions of NaCl at all operating temperatures in water-1,4-dioxane binary mixtures with mole fraction of dioxane, x D = 0.05, 0.10, 0.15, and 0.20 are presented in Tables 1-4, and in Figures S1 -S4 in Supporting information. It is evident that density and viscosity continually increase with increasing concentration of NaCl and increasing content of 1,4-dioxane in the mixture and decreases with increasing temperature in all investigated systems.
A comparison between densities, ρ 0 , and viscosities, η 0 , of the solvent mixtures as determined in our work and the literature data 16, 26, 27 at 293. 15 and 303.15 K shows an excellent agreement ( Figure S5 in Supporting information).
The relative viscosity, η r , of electrolyte solution is related to the molarity, c, according to the Jones-Dole equation: (2) where η and η 0 are the viscosities of the solution and solvent, respectively. Eq. (1) in this form, is used by the most of authors for processing viscosity data. 22, 28 At higher concentration (c > 0.5 mol dm -3 ) a quadratic term Dc 2 is added in eq. (2) and that expression is known as Kaminsky relation. 29 Viscosity coefficients A, B, and D depend on the solute, the solvent, and the temperature.
The viscosity A-coefficient is a measure of long-range ion-ion interactions, and the viscosity B-coefficient depends on ion-solvent interactions. 2, 30 The A and B coefficients can be obtained from the intercept and the slope of the straight line using Eq. (2) in the next form
Thus determined A-values should be positive, while B-values can be positive or negative. Furthermore, if the limiting molar conductivities of the constituent ions are known, A-value can be calculated theoretically from the ionic interaction theory by Falkenhagen and Vernon 2,22 by help of the relation 28 (4) where ε r is relative permittivity of the solvent and Λ ∞, , λ + ∞ , and λ -∞, are limiting molar conductivities of the electrolyte, cation, and anion respectively, at temperature T. In present study, the rearranged Jones-Dole equation (3) was applied. By help of the values of relative permittivity 16 and viscosity (from present study) of the solvent, and limiting molar conductivities 16 of the NaCl (Λ ∞ ), Na + (λ + ∞ ), and Cl -(λ -∞ ) at temperature T, values of A-coefficients were calculated using equation (4) . Applied parameters are given in Table 5 and Table S1 in Supporting information, whereas in Table 6 the values of estimated Acoefficients are listed.
In Figure 1 the plot of (η r -1) -Ac 1/2 (rearranged Jones-Dole eq. (3)) in dependence on concentration, c, at 293.15 K is presented. From the slopes viscosity B-coefficients were estimated by the assumption that the straight line must cross the origin. Obtained B-coefficients are gathered in Table 7 for all investigated systems at all temperatures together with the literature data for NaCl in water. 2 A comparison between obtained B-coefficients for NaCl in water-1,4-dioxane mixtures at 298.15 K with the literature data 20 shows a reasonable agreement (Figure 2 ). Viscosity A-coefficients, listed in Table 6 , are positive at all temperatures. As stated, they depend on the relative permittivity and viscosity of the solvent, but also on the charge and the mobilities of ions and finally on temperature as well. Very small positive A-values suggest the presence of relative weak ion-ion interaction (Coulombic forces). From Table 6 thus it can be concluded that Coulombic forces are stronger in systems with higher content of 1,4-dioxane -as it is expected due to lower permittivity of solvent mixture -and at higher temperatures.
The B-coefficients are positive (Table 7) at all temperatures and bigger than A-coefficients (Table 6) . This increase in the B-coefficient with increasing 1,4-dioxane content in the mixture may be attributed to the stronger ions-solvent interactions. 28 According to classification in literature for water medium, 2,30 chloride ion is water-structure-breaking ion (B < 0), while sodium ion is weak water-structure-making ion (B > 0) (or borderline case). Furthermore, it is well known that the NaCl in water has a structure-breaking nature, thus chloride ion exhibits positive temperature coefficient, dB/dT = 0.0014 dm 3 mol -1 K -1 , while for sodium ion this value is zero at 298.15 K. 2 From Table 7 it is evident that viscosity B-coefficients for NaCl in solutions with x D = 0.05, 0.10, and 0.15 show the trend of an increase with the temperature (dB/dT > 0) what can be attributed to a structure-breaking nature of NaCl in these systems. Namely, with raising temperature hydrogen bonds are breaking and thus less structured water can be influenced by the ionic solute. 20 Small change of the B-value with temperature for x D = 0.20 may be ascribed to the weakening of the ions-solvent interactions in comparison to solvent-solvent interactions. It is worth to mention, that water-1,4-dioxane binary mixtures show maximum in viscosity at x D ≈ 0.25 26, 27, 31 which can be ascribed to the strong interaction between 1,4-dioxane and water molecules.
Conclusions
In present work, the B-coefficients of NaCl in water-1,4-dioxane binary mixtures in the temperature range from 278.15 to 318.15 K in four solvent mixtures with mole fraction of 1,4-dioxane, x D = 0.05, 0.10, 0.15 and 0.20, were determined by help of the rearranged Jones-Dole equation, (η r -1) -Ac 1/2 = Bc, and experimental data on viscosity, whereas the viscosity A-coefficients have been calculated from Falkenhagen and Vernon theory.
All obtained values of B-coefficients are positive and bigger than values of A in all solvent mixtures suggesting that ions-solvent are prevailing upon ion-ion interactions, what is agreement with small association constants for NaCl in these mixtures as obtained from conductivity measurement and reported in literature. 16 Whereas for NaCl in solutions with x D = 0.05, 0.10, and 0.15 it mainly states that dB/dT > 0, whereas -due to weak dependence of B on the temperature -this can be not assumed for x D = 0.20. It can be concluded that in solutions with lower content of 1,4-dioxane the structurebreaking nature of NaCl is prevailing and ions-solvent interactions are dominant. With increasing content of 1,4dioxane the solvent-solvent interactions become more important, resulting finally also in a maximum in viscosity at x D ≈ 0.25 26, 27, 31 which can be attributed to the strong interaction between 1,4-dioxane and water molecules.
It would be interesting to carry out this kind of research on the systems with higher content of 1,4-dioxane in the solvent. But according to the literature 16 the association of NaCl increases dramatically with increasing amount of 1,4-dioxane and thus model, assuming negligible ion association applied in this study, can not be used. 
